Archezoan protists are thought to represent lineages that diverged from other eukaryotes before acquisition of the mitochondrion and other organelles. The parasite Entamoeba histolytica was originally included in this group. Ribosomal RNA based phylogenies, however, place E. histolytica on a comparatively recent branch of the eukaryotic tree, implying that its ancestors had these structures. In this study, direct evidence for secondary loss of mitochondrial function was obtained by isolating two E. histolytica genes encoding proteins that in other eukaryotes are localized in the mitochondrion: the enzyme pyridine nucleotide transhydrogenase and the chaperonin cpn60. Phylogenetic analysis of the E. histolytica homolog of cpn60 confirmed that it is specifically related to the mitochondrial lineage. The data suggest that a mitochondrial relic may persist in this organism. Similar studies are needed in archezoan protists to ascertain which, if any, eukaryotic lineages primitively lack mitochondria.
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Entamoeba histolytica has been considered by some authors to be an early branching eukaryotic lineage, as it appears to lack such typical organelles as mitochondria, peroxisomes, rough endoplasmic reticulum, and Golgi dictyosomes (1) and has an unusual glycolytic metabolism (2). Many of these features are shared with other amitochondriate protists known as Archezoa (3). However, small-subunit ribosomal RNA-based phylogenetic trees (3, 4) place E. histolytica on a branch that arises more recently than several lineages with typical eukaryotic organelles and metabolism. This is in contrast to what is found for the Archezoa, implying that the unusual features of E. histolytica are the result of secondary loss and are not due to primitive absence. The ribosomal tree placement has proven controversial, and several authors have challenged its accuracy (5-7). We have sought to resolve this debate by searching for genes of mitochondrial origin in E. histolytica. §
The mitochondrion, an organelle consisting of over 300
proteins involved in several metabolic pathways (8) , appears to have its origins in an endosymbiosis between a eukaryotic cell and an a-proteobacterium (9, 10) . Almost all mitochondrial proteins are now encoded in the nuclear genome. We reasoned that if ancestors of E. histolytica had indeed lost this organelle, some mitochondrion-specific enzymes might have remained useful to the ameba despite the absence of the subcellular compartment. Those genes would have been retained, and their detection would provide clear support for secondary loss.
MATERIALS AND METHODS
DNA. Axenic amebae were grown and DNA was isolated from E. histolytica isolate HM-1:IMSS clone 6, as described (11, 12) .
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Cloning of the E. histolytica Pyridine Nucleotide Transhydrogenase (PNT) Gene. Degenerate primers were designed on the basis of alignment of the Escherichia coli and bovine mitochondrial PNT gene sequences (13, 14) tTo whom reprint requests should be addressed. §The sequences reported in this paper have been deposited in the GenBank data base (accession nos. L39933 and L39934). trees were constructed by using the NEIGHBOR program (16) . Bootstrap proportions (BPs) were determined by analysis of 500 resamplings of the data set for the maximum parsimony analysis and 400 resamplings for the distance analysis.
Maximum likelihood (MOLPHY). To employ the maximum likelihood method, we removed all regions with missing data from the alignment (except for single amino acid deletions which were scored as a 21st amino acid) leaving 362 positions. Maximum likelihood analysis was performed by using the PROTML program (version 2.2) (17) and a semi-constrained tree, employing the Jones, Taylor, and Thornton amino acid substitution matrix (18) adjusted for the amino acid frequencies in the data set (the JTT-F option). BPs were estimated by PROTML, which employs the RELL method, with 10,000 replications (19) .
RESULTS
The enzyme PNT is exclusively located in the inner mitochondrial membrane in eukaryotes and in the cytoplasmic membrane of eubacteria, where it transfers reducing equivalents between NADH and NADPH (20) . PNT (22) . No strong conclusions regarding the phylogenetic origin of the E. histolytica PNT could be drawn. We therefore sought an E. histolytica gene of mitochondrial origin that was more amenable to phylogenetic reconstruction.
The amino terminus of the E. histolytica PNT shows an extension when compared to those of other organisms (Fig. 1) , which is consistent with the presence of a transit peptide. The length and amino acid composition of the extension are similar to the transit peptides of trichomonad hydrogenosomal proteins (28, 29) . The presence of the extension, coupled with the observation that the E. histolytica PNT 
Refolding of proteins after transit across the mitochondrial membrane involves the mitochondrial 60-kDa chaperonin, cpn6o. This protein and its eubacterial homologs have been used extensively for phylogenetic analyses (9, 30) so we looked for an E. histolytica homolog of cpn60. Once again, PCR amplification with degenerate primers produced products of the expected size, and sequencing confirmed the homology of this gene to mitochondrial and eubacterial chaperonins. Although clearly a divergent sequence, as indicated by the length of its branch, phylogenetic analysis of the E. histolytica sequence shows that it clusters with mitochondrial cpn6os to the exclusion of the eubacterial cpn60 homologs by using distance, parsimony, and protein maximum likelihood analyses (Fig. 2  A-D) . BPs give a high degree of support to this topology, as would be expected if the E. histolytica cpn60 were a mitochondrially derived gene. There are minor differences between the distance and parsimony trees, but none of the variable nodes are given significant support by bootstrap analysis.
Phylogenetic analyses of cpn60 sequences suggest that mitochondrial sequences form a clade with two a-proteobacteria, Rickettsia tsutsugamushi and Ehrlichia chaffeensis, to the exclusion of all other taxa (9) . This result is consistent with analyses of ribosomal RNA, which indicate a similar affinity (10) . Our analysis of a cpn60 data set which included Ehr. chaffeensis indicated that, in some of the distance analyses, the E. histolytica sequence showed a tendency to cluster with the cpn60 of Ehr. chaffeensis rather than those of mitochondria.
Since Ehrlichia and Rickettsia form a specific clade (9, 10), if the relationship of the E. histolytica and Ehr. chaffeensis sequences were real, we reasoned that deletion of Ehr. chaffeensis cpn60 from the data set should result in an Entamoeba/Rickettsia clade. On the contrary, however, removal of Ehr. chaffeensis causes the bootstrap support for the alternative topology, where E. histolytica cpn6o forms a clade with the mitochondrial sequences, to increase substantially in both distance and parsimony analyses and the BP for a specific Entamoeba/Rickettsia relationship becomes negligible (not shown). We suggest, therefore, that the affinity of the Ehr. chaffeensis and E. histolytica sequences, both of which are quite divergent, is the result of artifactual clustering of long branches. This has long been known to occur in parsimony analysis (31) , and recent simulation studies (32, 33) Rhodospirillum PNT a homolog consists of two proteins (AA and AB) (24) . The E. histolytica PNT is a f3-a fusion protein as is the Eimeria PNT (25), which is found in refractile bodies whose relationship to mitochondria is unclear (26) . Bovine mitochondrial PNT is an a-X3 fusion protein (14) , and therefore no amino terminus is shown. The bovine mitochondrial PNT a subunit carries a 43-amino acid signal peptide (27 Secondary loss is also consistent with the presence in E. histolytica of ubiquinone (35, 36) , which is most commonly mitochondrially located in eukaryotes. Although found in significantly lower amounts than in mitochondrion-bearing eukaryotes, ubiquinone appears to form part of the E. histolytica electron transport chain. The presence of mitochondria in the cytoplasm of Entamoeba species was reported in the preelectron microscopy era by using vital stains and cytochemistry (37) (38) (39) (40) . The possibility that these structures, reported to be ovoid bodies of approximately 1 ,um 
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